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exi7lalneci 8 s  a r i s i n g  from a form of two-stream plasma i n s t a b i l i t y .  Many of 
--..e _ _ e t  -.-- n . ; L k ~ ~  f e a t u r e s  of the  echoes f r o n  the e l e c t r o j e t  i r r e g u l a r i t i e s  cannot 
S e  zxplained on t h i s  b a s i s ,  however. The waves genera ted  by the  i n s t a b i l i t y  
r.: 7 - 
H - - -  g c t r  ir, amplitude u n t i l  they  a r e  l i n i t e d  by  non-l inear  e f f e c t s .  These 
- - -  L L  - s  ~ ?xthermore ,  w i l l  cause coupling between waves which w i l l  gene ra t e  
T.S :.ax-?s t h a t  cannot be d i r e c t l y  exc i ted .  I n  the  p re sen t  paper we show t h a t  
- .. --,P= ~ - 
scetteri1-g from such secondary i r r e g u l a r i t i e s  can account f o r  many of t h e  
xeak  i 'aatur?s of t h e  VHF echoes. The theory i s  only q u a l i t a t i v e ,  bu t  t he  
. L ~ L  > - >. L ~ A . L l i 5  3 2-n . . between i t s  p red ic t ions  and most of tho exp?rirncntal  observa t ions  is  
q u i t e  good. 
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INTRODUCTION 
T'ze s c a t t e r i n g  of r a d i o  waves by the  ionosphere,  u s ing  f requencies  well 
abo-w the  p e n e t r a t i o n  frequency, i s  now w e l l  e s t a b l i s h e d  as a technique f o r  
ionospheric  i n v e s t i g a t i o n ,  
7 
When the  ionospheric  plasma i s  i n  thermal  equili: 
b r iLa ,  o r  fairly c lose  t o  equi l ibr ium,  the  s c a t t e r i n g  i s  extremely weak, and 
i s  due merely t o  t h e  thermal f l u c t u a t i o n s  i n  e l e c t r o n  densi ty-- the so-ca l led  
incoherent  s c a t t e r i n g .  There a r e  o the r  circumstances i n  which the  s c a t t e r i n g  
i s  m c h  s t ronge r  (though s t i l l  weak i n  the  sense t h a t  the Born approximation 
applies). One such case occui's i n  the  e q u a t o r i a l  E-region, and i s  due t o  
e l e c t r o n  d e n s i t y  f l u c t u a t i o n s  a s soc ia t ed  w i t h  t h e  e q u a t o r i a l  e l e c t r o j e t  
LBow!.es, Cohen, Ochs, and B a l s k y ,  1960; Bowles, Ba l s l ey  and Cohen, 1963; 
The t h r e e  most s t r i k i n g  f e a t u r e s  of t h i s  e q u a t o r i a l  s c a t t e r  a r e  the  
fol lowing : 
1. The s t r e n g t h  .of t he  s c a t t e r e d  s i g n a l  i s  c l o s e l y  a s soc ia t ed  wi th  t h e  
s t r e n g t h  of the e l e c t r o j e t .  Furthermore, t h e  j e t  cu r ren t  must gener- 
a U y  be g r e a t e r  than a c e r t a i n  th re sho ld  va lue  i f  s t rong  echoes a r e  
t o  Se oStained. 
2. The echoes a r e  aspec t  s e n s i t i v e ;  i . e . ,  t h e  d i r e c t i o n  of t h e  r ada r  
Sea% must be nea r ly  perpendicular  t o  t h e  magnetic f i e l d .  
The frequency spectrum of t he  echoes,  when t h e  r ada r  i s  n 3 t  po in t ing  
v e r t i c a l l y ,  u s u a l l y  c o n s i s t s  mainly of 2 f a i r l y  sharp  peak a t  a d i s -  
c r e t e  Doppler s h i f t ,  
OP the  angle  between the  bean and the  j e t  cu r ren t ;  t he  s ign  depends on 
w!iether one i s  Looking e a s t  or wsst. Echoes from overhead a r e  weaker 
. 3 .  
The magnitude of t h e  s h i f t  i s  r o i q h l y  indep2ndent 
i s  due t o  the  d is turbance  of e l e c t r o n  d e n s i t y  r e s u l t i n g  from t h e  two-stream 
i n s t s b i l i t y  which occurs when t h e r e  i s  a s u f f i c i e n t  r e l a t i v e  d r i f t  of' t h e  . . .  
e l e c t r o n s  through the  ions.  By extending t h e  theory  of t h i s  i n s t a b i l i t y  t o  
allm f o ~  the presence of both a magnetic f i e l d  and c o l l i s i o n s  wi th  n e u t r a l  
:nolecules? he showed t h a t  (1) and ( 2 )  a r e  r e a d i l y  explained.  The th re sho ld  
e f f e c t  is accounted for by the  f a c t  t h a t  t he  s t r e n g t h  of t h e  e l e c t r o j e t  i s  of 
course p ropor t iona l  t o  t he  r e i a i i v e  iwl:-electroc drift v e l o c i t y ,  and it  i s  
r e a l l y  t h i s  v e l o c i t y  which has a threshold  value.  Thus at n igh t ,  when t h e  
e l e c t r o n  d e n s i t y  i s  very  s m a l l ,  i t  i s  s t i l l  poss ib l e  t o  have an i n s t a b i l i t y ,  
even S-iough no cu r ren t  flow i s  observable.  The p red ic t ed  c r i t i c a l  v e l o c i t y  
,. - . ~  24: ees with reasonable  es t imates  of t he  v e l o c i t i e s  p re sen t  i n  t h e  e l e c t r o j e t .  
"lie a s p e t  s e n s i t i v i t y  a r i s e s  from t h e  f a c t  t h a t  only waves propagat ing 
very  n e a r l y  perpendicular ,  t o  the  e a r t h ' s  magnetic f i e l d  a r e  uns tab le .  A l l  
o t h e r  w?~vcs a r e  heav i ly  d 2 ~ p e d .  The q u a n t i t a t i v e  agreement between the  
p red ic t ed  and observed aspec t  s e n s i t i v i t y  i s  good. 
?"a= d i s c r e t e  Doppler s h i f t  (3) corresponds t o  the  speed of the  plasma 
waves I n  t h e  medium. The echoes come only from those  waves whose wave v e c t o r  
i s  p a r a l l e l  t o  t h e  d i r e c t i o n  of t h e  r ada r  beam. A t  obl ique angles  t h e  speed 
of these  -,;.mes I s  s b p l y  the  acous t i c  ve loc i ty .  The main peak i n  the  observed 
s~?c t? ' !m d x s  ir,deed have a Doppler s h i f t  i n  agreement wi th  t h i s  p red ic t ion .  
The sign OS the  Doppler s h i f t  i s  accounted f o r  by t h e  f a c t  t h a t  only waves hav- 
' is?g a cocponent of v e l o c i t y  i n  the  d i r e c t i o n  of the  e l e c t r o n  flow can be exc i t ed .  
SimDle ideas  of "blobs" convected by the  j e t  c u r r e n t  would lead  t o  a cosine de- 
pecdence of t he  Doppler s h i f t  on e l e v a t i o n  angle,  con t r a ry  t o  the observat ions.  
There are ,  however, some f u r t h e r  f e a t u r e s  of the s c a t t e r i n g  no t  d i r e c t l y  
explained by the  theo ry  given i n  I. When t h e  l i n e  of s i g h t  is  perpendicular  t o  
bo th  the magaetic f i e l d  and t h e  cu r ren t  vector,  i.e. when It i s  v e r t i c a l ,  t h e  
s c a t t e r i n g  should disappear,  s ince  t h e r e  i s  no longer  an  appropr i a t e  unstable  p l a s -  
5a wave. Xevertheless,  some s c a t t e r i n g  i s  observed i n  those  circumstances.  Again, 
tyAe J----- , ,  uAICfw-Cy --.. yAer l i c t s  a 3efTnlte Doppler shif t ,  so t h a t  the frequency spectrum of the 
received s i g n a l  should c o n s i s t  of j u s t  a s i n g l e  l i n e ,  broadened only t o  t h e  e x t e n t  
a l r eady  involved i n  t h e  inc iden t  s igna l .  As a l r eady  mentioned, t h e  spectrum I s  
usual ly  q u i t e  s t r o n g l y  peaked a t  t h e  appropr ia te  frequency, b u t  t h e r e  i s  a substan-  
t i a l  s c a t t e r e d  s i g n a l  over a band of f requencies .  
I n  t h i s  paper we show t h a t  t h e s e  secondary f e a t u r e s  exhib i ted  by the s c a t t e r i n g  
can be explained i n  sone d e t a i l  by an ex tens ion  of t h e  theory  t o  inc lude  non- l inear  
coupling between t h e  uns tab le  plzsua waves. 
d i s tu rbances  which can also s c a t t e r  t h e  r ad io  waves. 
Such coupl ing produces f u r t h e r  wave-like. 
The p o s s i b i l i t y  of such an 
exp lacz t ion  was a c t u a l l y  nentioned i n  I. 
EXPERII4JWTAL RESULTS 
Some d e t a i l s  of t h e  technique f o r  observing t h e  power spectrum of the  s c a t t e r e d  
signal, t o g e t h e r  w i th  e a r l y  specimens of  the resu l t s  obtained, a r e  given by Bowk6, 
Bals ley,  and Cohcn [1963]. 
i rzcntal  r e s u l t s  r e l evan t  t o  t h e  theory  developed here  arc given by Cohen and Bowlcs 
119661. 
A more complete p re sen ta t ion  and d i scuss ion  of t h e  exper- 
I?i.ciire 1, which a l s o  shows the geometry of t h e  experiment, i s  taken from 
:he :zt;er ;)Epr. We l e t  c denote the  angle between t h e  r ada r  and t h e  e a r t h ' s  
4 
-.. G 6 . . - d ~ ,  - c g -  - , :el2 ( 2 s  i n  I),  and 2 t h e  angle  between the  beam and the  v e r t i c a l .  
- i n  1wt, c 2ast  be c lose  t o  90°, as a l ready  mentioned. 
:h?t the  s p e c t r a  a r e  shown normalized, and t h e  t o t a l  s c a t t e r e d  s i g n a l  a l s o  
v a r i e s  w i th  3; i t  is  s e r i o u s l y  reduced when 3 i s  small. 
It should be  r e c a l l e d  
Schematical ly ,  we may r ep resen t  a l l  the s p e c t r a  as i n  Figure 2 ,  drawn 
for t he  case  when the  radar  looks e a s t  ( p  p o s i t i v e ) .  
dix-idcd i n t o  t h r e e  regions,  numbered as shown, 
a:r;.ct sce t te l - ing  by the uns t ab le  plasma waves themselves, as explained i n  
The spectrum may be 
Region I i s  t h e  p a r t  due t o  
. .  
p q e r  I .  
t h e  l i n e  of s i g h t ,  i n  t h i s  case  towards the observer.  
Doppler s h l f t s  w i t h  the same sense as region I, b u t  smal le r  i n  magnitude, wh i l e  
region I11 c o n s i s t s  of Doppler s h i f t s  of t h e  oppos i te  sense.  
The Doppler s h i f t  corresponds t o  the  speed of tile plasxz % ' z ~ e s  along 
Region I1 c o n s i s t s  Of 
When the  e l e c t r o j e t  i s  s t rong  and B i s  l a r g e ,  r eg ion  I i s  well-developed, 
reg ion  I1 weak, and region I11 p r a c t i c a l l y  non-exis tent  (F igure  l a  and l b ) .  
l e s s  obl ique axgles ,  reg<ons I1 and I11 become r e l a t i v e l y  more important and 
>::Zion I l-sss so. F ina l ly ,  when = o ( v e r t i c a l  beam), reg ion  I disappears ,  
~ l ~ L l ~ ?  regions 11 and I11 become of equal importance, i .e. ,  t h e  spectrum becomes 
roughly  symmetric. 
A t  
For negat ive va lues  of t;, Figure 2 should of course be re -  
f l e c t e d  about i t s  v e r t i c a l  axis. ., 
The f o r m  of the  spectrum may be sonewhat d i f f e r e n t  i f  t h e  e l e c t r o j e t  i s  
<=It? :ieak, a l though s t i l l  s t rong  enough t o  produce some i r r e g u l a r i t i e s .  
sue!: =?.ses regior, I may p a r t i a l l y  or completely d isappear ,  even when 
I e a v k g  only a weak echo t h a t  i s  mainly i n  reg ion  11. 
ran  S e c m s  very  narrow and centered about z e r o  Doppler s h i f t .  
z d i a c e  results a r e  a l s o  possib-le;  for ex,mple, a t  moderetely obl ique angles  
;.:3?1i C,he cur ren t  is f a t r l y  weak, i t  i s  p o s s i b l e  50 have e oeak i n  the  spectrum 
I n  
i s  l a r g e ,  
For small e ,  t he  spectrum 
Various i n t e r -  
- 5- 
TX3OIIETICAL IXTERPRETATION 
We r e c a l l  t h e  s tandard  r e s u l t  f o r  s c a t t e r i n g  of r a d i o  waves i n  the  Born 
a ~ ~ r c x i x a t i o n  bee ,  f o r  example, Dougherty and Fa r l ey  G.9601). We have p lzne  
waves o f  angular  frequency 
N bu t  sub jec t  t o  small f l u c t u a t i o n s  AI?. The s c a t t e r i n g  c ros s - sec t ion  f o r  
>laves Doppler s h i f t e d  by an znount between a i d  ic + dw i s  p ropor t iona l  t o  
inc iden t  on a medium of mean e l e c t r o n  d e n s i t y  
0 
0 
Here AN(k,[v) denotes  the  Four ie r  t ransform i n  both space and t h e ,  the  angular  
b racke t s  deriote the  ensenble aver<age of the  s t a t i s t i c a l  f l u c t u a t i o n s ,  and wo 
i s  a s s u e d  t o  be well above the  c r i t i c a l  frequency f o r  t he  plasxa.  
- 
The'appro- 
77.; > - - - b e  F L 
but i n  +,he s i n p l e  case of beck s c a t t e r i n g ,  & i s  along the  l i n e  of s i g h t  towards 
the oSserver ,  and has magnitude 4 n / h ,  where h i s  the  r a d i o  wavele?.gth, 2 nc/w 
wiive-vector k depFnds on the  geoxetry of t he  t r a n s m i t t e r  and r ece ive r ,  - 
0. 
In t h e  case of a s t a b l e  p l a sna ,  t h i s  s c a t t e r i n g  c ros s - sec t ion  i s  extremely 
s!:!all~ au;d r ep resen t s  spontaneous thermal f l u c t u a t i o n s ,  g iv ing  r i s e  t o  the  SO- 
va1l t -d  incohcr-nt  s c s t t e r i n g .  
v e ~ y  s l i g h t l y  tlaiiFed) l o n g i t u d i n a l  wave, such as a p1:tsma o s c i l l e t i o n  wi th  wave- 
I f  the  plasma i s  zble t o  s u s t a i n  an undampFd ( o r  
\-cct,.r 1 rc, t h?  c ros s - sec t ion  (I-) has a s l i n q  innxjirn~m st the  frequency cu of - 
9 - 6- 
\ t h e  1:rgl;ALnel ~ a v e .  
In  zkis C I S C  t h e  2lasns frequency. Hovever, i n  ionospher ic  cases  most of t he  
A s  a r e s u l t  t h e  sca t te r l f ig  hes  e CefLni5e Doppler s h i f t ,  
c ~ c s s - s e c t i o n  f o r  incoherent  s c a t t e r ,  as g iven  by (l), lies under a q u i t e  
sn~ot!: curve not  a s soc ia t ed  wi th  f r e e  o s c i l l a t i o n s  b o u g h e r t y  and Far ley ,  19601. 
For a plasma sub jec t  t o  m i c r o i n s t a b i l i t i e s ,  such as t h e  two-stream i n s t a -  
b i l i t y ,  t!ie s i t u a t i o n  i s  TP 21 more s i m i l a r  t o  t h a t  of turbulence.  The t o t a l  
8 
c ross - sec t ion  i s  f a r  l a r g e r  (by a f a c t o r  of up t o  10  i n  t h e  observa t ions  sum- 
- c - ~ A L d   v :  - o a  above), z rd  the  spectrum cannot be ca l cu la t ed  by means of s t a t i s t i c a l  
Z",P ch ar- i c s t  
T2e %flea developed i n  I was t h i s .  We start  wi th  a s t a b l e  ( s a y  M m e l l i a n )  
2las~s 2r.d g radua l ly  inc rease  t h e  r e l a t i v e  v e l o c i t y  of t he  ions  and e l ec t rons ,  
8 s  ec5i;all.y happens i n  t he  e l e c t r o j e t ,  
g radua l ly  fron the  incoherent  t o  the  tu rbu len t  form, and we a n t i c i p a t e  t h a t  i n  
t h e  e a r l y  s t ages  the  main f e a t u r e  of the  change i s  t h e  appearance of sharp  peaks 
a t  f requencies  corresponding t o  m v e s  which begin  t o  grow when the  threshold  f o r  
" h e  s p e c t r a l  d i s t r i b u t i o n  (1) changes 
I r i s t e b i l i t y  i s  reached. 
and E'Gstcker [1$62] i n  m o t h e r  case,  nzmely a t w o - s t r e m  i n s t a b i l i t y  i n  the  ab- 
ser.ce of nzgne t i c  f i e l d  o r  c o l l i s i o n s .  Accordingly,  paper I was devoted t o  the  
s tudy  3: :'ne d i s s e r s i o n  r e l a t i o n  for l o n g i t u d i n a l  waves, s ay  
Indeed t h i s  behaviour has been d m o n s t r a t e d  by Rosenbluth 
talr5r.g account  of e l e c t r o n s ,  ions ,  t he  e x t e r n a l  nagne t i c  f i e l d ,  and t he  c o l l i s i o n s  
Tiith n e u t r a l  molecules.  
x,,'k i s  rc~gh'y the ion  t h e r n a l  speed. 
- 
With k f ixed  arid r e a l ,  s o l u t i o n s  were sought f o r  which - 
These waves, n o n a l l y  h i g h l y  dmyed,  
a 
chazge t:, growing vaves when the  speed of counters t reaming reaches a c r i t i c a l  
m l u e ,  uhich i s  approximstely the i o n  thermal speed i f  fi i s  almost perpendic- 
u l a r  t o  t h e  m a p e t i c  f i e l d .  
F igure  2. 
This  s f f o r d s  a n a t u r a l  explana t ion  of r eg ion  I of 
It i s  extremely d i f f i c u l t  t o  answer q u a n t i t a t i v e l y  t h e  ques t ion  of what hap- 
pens when t h e  threshold  of i n s t a b i l i t y  i s  crossed (see Kadontsev Cl9653 f o r  
8 3  accolllzt of such progress  as has  been made). If t h e r e  a r e  waves wi th  a sub- 
s t a n t i z l  grcvth m f ~ ,  s t rong  d is turbances  are  se t  up which are governed by non- 
l i n e a r  equet ions,  so t h a t  t h e  l i n e a r i z e d  t rea tment  of t h e  Four i e r  components, 
l ead ing  t o  ( 2 ) ,  i s  no longer  r e l evan t .  
e x t e n t  l i rni ted only by non- l inear  e f f e c t s ,  and a l s o  i n t e r a c t  s t r o n g l y  wi th  each 
o ther ,  producing a d d i t i o n a l  waves. However, i n  p r a c t i c e  it o f t e n  happens t h a t  
t h e  threshold  i s  exceeded only s l i g h t l y ,  so  t h a t  t he  coupl ing i s  i'airly weak. 
Then t h e  waves given by (2) s t i l l  preserve  t h e i r  i ! en t i t y  an3 behave to.sorne 
e x t e n t  :is i n  t he  l i n m r  theory .  They s t i l l ,  of course, reach an  ampli tude f a r  
1 i i~ ' i e r  than  the t h e r n a l  l e v e l .  
trm, and t h e  ex i s t ence  of s c a t t e r i n g  a t  v e r t i c a l  incidence,  can be a t t r i b u t e d  
t o  t h e  non- l inear  coupling of t h e  unstable  p lasm wives. 
I n  o t h e r  words t h e  waves grow t o  a n  
L'e be l i eve  t h a t  r cg icns  I1 and I11 of t h e  spec- 
Seve ra l  p r o p e r t i e s  of t h i s  coupling can be deduced q u i t e  e a s i l y  i n  t h e  weakly 
uzs t ab le  case .  Consider two plaspa wLves i n  which t h e  p e r t u r b a t i o n s  a r e  propor- 
where t h e  k .  a r e  reel ,  and t h e  w a r e  a lmost  r e a l  and s a t i s f y  (2) .  The stcall 
i n a s i n s r y  p a r t  of the f r e q w n c y  i s  not i npor t3n t  i n  the nrgurents  t h z t  follow, 
3n? so fom, s i m p l i c i t y  we w i l l  ignore i t .  The non-1Fr.ear i n t e r a c t i o n  involv ing  
-J J 
c 
-0- 
proJuc t s  of terms such as  (3) gives r i s e  t o  f u r t h e r  Four i e r  components of 
t h e  same form, wi th  J = 3, and 
r e r e  s and S a r e  each 2 1. The p o s s i b i l i t y  of negat ive va lues  f o r  
s1 axd s i s  due t o  t h e  f a c t  t h a t  t h e  factor (3) a r i s e s  i n  t h e  Fourier 
zransform of r e a l  q u m t i t i e s  ( so  terms involving the  complex conjugate 
of (3)  tqust also e x i s t ) ,  and it i s  the product of the r e a l  q u a n t i t i e s  
1 2 
2 
-.^I? i ~ L . ? 1 ?  4s actually required.  
The procedure is, now, t o  enumerate a l l  t h e  marginal ly  unstable  waves 
(5 CD) acd so cons t ruc t  a l l  t he  a v a i l c b l e  new Four i e r  components (I+?) .[f 
t he  l a t t e r  themselves s a t i s f y  ( 2 ) ,  vc simply g e t  a f u r t h e r  con t r ibu t ion  t o  
another  m v e  which could a l r eady  ex i s t ;  i n  such a case wave 3 is  i n  s t r o n g  
i n t e r a c t i o n  wi th  waves 1 and 2.  
13 Ere F a r e l l e l ,  5 u t  no new f e a t u r e  of t he  spectrum can be explained on t h i s  
zcccunt .  ‘\%en (k 0 ) does no t  correspond t o  a f r ee ly  propagat ing vave, it 
r e p r e s e n t s  so ix th ing  nev. 
2nd gives u s  t?ie spectrurn func t ion  (1) 8 s  a func t ion  of u1, we set k 
t h i s  fixed value and t r y  i n  t u r n  a l l  v a l u e s  of k~. and 
r n s p ? t i c  f i e l d  and s z t i s f y i n g  (4).  
a c o n t r i b u t i o n  t o  the  sca t t e red  s igna l  a t  a Doppler s h i f t  3. 
course t h a t  k 
This does approximately happen when and 
-3’ 3 
T:ow as  the  r e d a r  experiment p icks  out  a d e f i n i t e  k 
equal  t o  -3 
perpendicular  t o  the 
Vith W 1  and % fol lowine from ( 2 ) ,  we o b t a i n  
It follows of 
m u s t  i t se l f  be perpendicular  t o  t h e  f i e l d .  
3 
As ue nlyeady hzvc a l t c r n a t i v e  s igns  i n  ( I + ) ,  ve need no t  consider  8 s  d i s t i n c t  
t::<- 1: ivc-s (5, (I)) and (-s, - cu) ,md s o  ve adopt  t he  conve:ition t h a t  (0 
L>,).-, i t  ‘LVI\. 
and a2 are  1 
t t I;,]:; L ~ ~ O W U  111 I tha t  f o r  m-~r~inc?l . ly  iinstLiblc waves (2) reduces t o  
. 
-Y- 
s = va I&\ , 
.<;+ _ _ _ _ _  c y. c V 
tne  :BE 5 h r ~ a l  speed. 
or thcgonal  t o  the  f i e l d ,  nus t  hzve a p o s i t i v e  component e long  the  d i r e c t i o n  of 
:he e l e c t r o n  s t r e a n  (we regard  the  ions as a t  r e s t ) ,  t o  make s p o s i t i v e .  
e l e c t r m s  cnnnot e x c i t e  waves t r a v e l i n g  in  a d i r e c t i o n  opFosi te  t o  themselves.  
i s  roughly i n d q e n d e n t  of k over a wide r c g e Y  and i s  e ? p r o x h a t e l y  - a 
- *  ' The wave vec to r  - k, bes ides  be ing  or thogonal  o r  nearly 
Tne 
L e t  us consider  t he  case of t he  redar  looking e c s t .  F igures  3 and 4 i l l u s -  
Lcl.?-te 1 1 ~ , ~  the  l-eci 01's ;r ~ 1 1 d  k Cc-ii  C O X ~ . L I ~ E  htc a d l i -  r-:encf 01- SW-, r ? s : , : i f ~ t l ~ ~ ~ l y ,  
5 0  form k 
e l e c t r o n  v e l o c i t y  V at  l e a s t  one of s and s must be +1. Without l o s s  of 
g o - ~ ~ a l i t y  :ie can consider  s 
. rn- 
-1 -2 
Since both k and k must have a corc2onent ir. t h e  Cirecl iur i  of t he  -3 -1 -2 
-2 ' 1 2 
t o  be  + l  i n  a l l  ceses .  I n  F igure  3, i s  then  1 s2 L1-L- 
-Ly 2nd we have 
and 
If L!!e o:.igin of k 
v;i.2-1 c 3 n t r i b u t e  t o  region I1 of t he  spectrum i n  Figure 2;  i f  the  o r i g i n  i s  a t  P' 
:I-. r?.gion I11 of F igure  3, 
%e s s e c  tray. 
and & i s  a t  some poin t  such as P, 
-1 3 
w i l l  be  p o s i t i v e  and 
w i l l  be negat ive and c o n t r i b u t e  t o  reg ion  111 of 
a3 
-10- 
5oT.:cver, L c n t r i b u t i o n s  t o  region 111 w i l l  be apprec iab le ,  and i n  t h e  l i m i t  of 
v e r t l c h l  propagation 
2 s)mneirical spectrum. When B i s  large, it w i l l  u s u a l l y  be poss ib l e  t o  e x c i t e  
d i r t_ . t ly  t h e  wdve represented  by lr , producing reg ion  I of t h e  spectrum. This 
15111 gene ra l ly  be the  s t r o n g e s t  echo, s ince  no non- l inear  coupl ing is  involved 
(al though non-l inear  e f f e c t s  of course even tua l ly  l i m i t  t h e  growth of t h e  wave). 
A s  3 becomes smaller, reg ion  1 w i l l  grow weaker and even tua l ly  disappear. 
if' t he  e l e c t r o j e t  i s  very  s t rong ,  t h e  component of  V i n  t h e  d i r e c t i o n  of t h e  
wme v e A o r  w i l l  be  less than tne critical m l u c  far di , ract  e x c i t a t i o n  of t h e  
i n s t a b i l i t y  when f3 is s u f f i c i e n t l y  s m a l l .  
On t h e  o t h e r  hand, i f  t h e  e l e c t r o j e t  i s  weak and V 
(P = 0),  reg ions  I1 and I11 become i d e n t i c a l ,  l ead ing  t o  
-3 
Even 
-e 
i s  only  s l i g h t l y  
-e 
above t h e  minimum th resho ld  f o r  e x c i t a t i o n ,  only waves t r a v e l i n g  very  nea r ly  
p r , i l l e l  t o  V w i l l  be exc i t ed .  I n  such cases reg ion  I may d isappear ,  even i f  
B i s  quite l a r g e ,  and only s i g n a l s  i n  reg ion  11 (and 111 if B is  s u f f i c i e n t l y  
small) w i l l  be observe'd. Since k and k must be nea r ly  p a r a l l e l  t o  each o the r ,  
t h e  s p e d r w n  will cons i s t  mainly of a peak near  ze ro  Doppler s h i f t  when P i s  
smzll. A s  0 i s  increased,  t h e  spectrum w i l l  move towards l a r g e r  s h i f t s .  If 
k and k are nea r ly  parallel and ho r i zon ta l ,  it fo l lows  from (6) and Figure  3 
-1 -2 
r k a t  t h e  v e l o c i t y  of wave 3 should be jus t  s l i g h t l y  g r e a t e r  t han  V si$. 
-e 
-1 -2 
a 
\.,%en t h e  i n s t a b i l i t y  i s  weakly exc i ted ,  then ,  w e  should expect  t o  f i n d  a peak 
i n  t h e  spectrum near  Doppler s h i f t s  corresponding t o  t h e  la t ter  v e l o c i t y .  The 
r e s u l t s  of Colicn and Eowles [1966] are i n  agreement wi th  t h i s  p r e d i c t i o n  when 
i s  small ( c f .  t h e i r  F igure  4 ) .  When P is moderately l a r g e ,  however, t h e i r  
observations when t h e  e l e c t r o j e t  i s  weak show a Doppler s h i f t  of t h e  c o r r e c t  
sense, b u t  L.onn-iderably smaller than V sirif! ( c f .  t h e i r  F igures  6-9). A t  a 
- 11- 
If the  e l e c t r o j e t  i s  weak and i s  small ,  the  c r n t i - s l  peak i n  the  spectrum 
should be narrow. When the e l e c t r o n  v e l o c i t y  i s  w e l l  above the  minimuu th re s -  
ho ld ,  hcxever,  the peek should be bro&der, s i n c e  k and k can then d iverge  
et en a2preciabLe m-gie. This  behaviour i s  observed. 
21 + 
\$Then k and k a r e  flearly p a r a l l e l ,  a t  l e a s t  one of them must be  g r e a t e r  -1 -2 
i n  Eagnitude than k . Therefore one o r  both of t h e  i n t e r a c t i n g  waves w i l l  have 
e s h o r t e r  xevelength thlan wave 3. Reducing the  wevelength makes t h e  wave 
sornevhat ha rde r  t o  e x c i t e  [Farley, 2.363], but, t h i s  dependence i s  very  weak 
f o r  wavelengths i n  the  v i c i n i t y  of 3 meters ( t h e  wavelength of i n t e r e s t  i n  
most of t he  VHF exper;-ments r e f e r r e d  t o ) ,  and i s  lcss im2ortant than t h e  
c sc  $ depeiidencc of the  c r i t i c a l  va lue  of V f o r  e x c i t a t i o n .  Thus, i n  s p i t e  
of t he  wavelength dependence, i t  should be poss ib l e  i n  some cases  t o  produce 
-3 
-e 
wave 3 by a non- l inear  i n t e r a c t i o n  when i t  cannot be produced by d i r e c t  exci-  
t a t i o n .  
t i o n s )  of the  e l e c t r o j e t  region nay a l s o  favor  t h e  e x c i t a t i o n  of t h e  horizon- 
The l i m i t e d  v e r t i c a l  ex ten t  (which has  been ignored i n  a l l  ca l cu la -  
t d l y  t i -ave l icg  waves t o  sone ex ten t .  This e f f e c t  should be m a l l ,  however, 
s ince  t h e  th ickness  of the reg ion  i s  gene ra l ly  of t h e  order  of 10  t imes as 3 
gl-ca'i 2 s  the  wavelengths of i n t e r e s t .  
For  in te rmedia te  values  of 5 end  e l e c t r o j e t  s t r e n g t h ,  one might expect 
t o  observe a f a i r l y  broad peak i n  the spectrum at small Doppler s h i f t s ,  as 
-12- 
t s  X ' and k ' vi11 l ead  zo waves whose v e l o c i t y  i s  s u b s t a n t i a l l y  g r e a t e r  
t h a  v and such waves will be very  we& due t o  t h e  l a r g e  angle  .between 
the prlnled vec to r s  and V . A wave r e s u l t i n g  from a combination of t h e  
wilirirncd waves might be q u i t e  s t rong  i f  B were l a r g e ,  b u t  i t s  v e l o c i t y  would 
be only slit;h-t.ly g r e a t e r  than  &, and so it would be indis t ingu . i shable  from 
-1 -2 
a' 
-e 
a d i rec t ly  e x c i t e d  wave. 
It i s  a t r i v i a l  matter t o  make the necessary  changes i n  t h e  above argu- 
ments t o  treat  t h e  case i n  which the rada r  p o i n t s  westward. We see, the re fo re ,  
t h a t  t h e  ex i s t ence  of s t r o n g  r a h r  tchccc zt Trprt ical  i nc ide rce ,  and most 
of t k e  ? h s r a c t e r i s t i c s  of t h e  spectrum a t  a l l  angles  of incLdence, can be 
* 
3ci'ouni;ed f o r  by simple arguments involv ing  t h e  p r o p e r t i e s  of non- l inear  
i n t e r a c t i o n s .  
Non-linear rombinations of more than  two plasma waves could be considered 
also, b u t  they do no t  introduce any new q u a l i t a t i v e  f e a t u r e s  and are i n  any 
case weaker. 
CONCLUSION 
This q u a l i t a t i v e  d i scuss ion  suggests  t h a t  most of t h e  secondary f e a t u r e s  
obszrved i n  t h e  s c a t t e r i n g  of radar waves by e l e c t r o j e t  i r r e g u l a r i t i e s  may 
be sxpla ined  i n  terms of non- l inear  coupl ing of t h e  plesrna vaves which have 
a l r e a d y  been shown i n  I t o  be t h e  source of t h e  main e f f e c t .  
A s  i n  tu rbulence  waves of a l l  s c a l e  s i z e s ,  o r  eddy s i z e s ,  i n t e r a c t  with 
I n  turbulence  t h e  flow of energy i s  predomin- 
For t h e  e l e  A r o j e t  i r r e g u l a r i t i e s ,  
each  other i n  vary ing  degrees .  
m t l y  fiwin t he  large eddtes  t o  t h e  small. 
til? nit?:tn energy Ylow i s  presumably i n  the  sane d i r e c t i o n ,  f o r  waves having 
-13 - 
r 
pLir,221el k v e d o r s ,  si i ice the  l a r g e r  s t a l e  s i z e s  ('an be e x - i t e d  somewhat more - I 
e a s i l y  by t h e  two-stream i n s t a b i l i t y .  Such loupl ing ,  however, i s  no t  of 
mu=h i n t e r e s t  f o r  t h e  r ada r  experiments,  s i n c e  it leads t o  echoes t h a t  
g e n e r a l l y  Tan be expla ined  equa l ly  w e l l  as be ing  due t o  d i r e c t  e x c i t a t i o n .  
Th? new e f f e c t s  of main concern i n  t h i s  paper  arise from coupling i n  which 
a t  least  one of t h e  i n t e r a c t i n g  waves has  a smaller wavelength than  t h a t  of 
t h e  r e s u l t i n g  wave, and is  t r a v e l i n g  more nea r ly  i n  t h e  d i r e c t i o n  of t h e  
e l e c t r o n  stream. 
4 few f e a t u r e s  of t.he echoes s t i l l  await a complete explana t ion .  The 
spec.tr:tl r e s u l t s  a t  obl ique angles  when t h e  e l e c t r o j e t  i s  q u i t e  weak seem 
t o  be i n  piLrti:-ll disagreement wi th  the  theory given he re .  Another unexplained 
r e s u l t  i s  the  s l i g h t  eas t -wes t  asymmetry repor ted  by Cohen and Bowles [1966]. 
The ezhoes from t h e  e a s t ,  which are due t o  waves t r a v e l i n g  downward, are 
s l i g h t l y  weaker than  those from the  west. This  asymmetry may be r e l a t e d  t o  
t h e  f a c t  t h a t  t h e  p r o p e r t i e s  of  t h e  e l e c t r o j e t  reg ion  vary  r a p i d l y  with 
a l t i t u d e .  
developed here  and i n  I has been based on t h e  assumption of a uniform, 
infinite lnediurr, and i s  the re fo re  necessa r i ly  symmetric. 
Perhaps t h e  upgoing waves are more e a s i l y  generated.  The theory  
A~,iriiow~ed~;rnellts. -_._ !Je wish t o  thank B.  B. B a l s l e y ,  K .  L. Bowles, R. Cohen 
and W. Hooke f o r  s e v e r a l  helpf'ul d i scuss ions .  
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